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PREFACE 
T h i s  is a r r p o r t  o f  w o r k  nh ich  i s  a n  e x t e n s i o n  o f  t h a t  
r e p o r t e d  i n  Q A S A  C o n t r a c t o r  R e p o r t  3960 e n t i t l e d  " A n a l y s i s  
o f  A i r b o r n e  D o p D l e r  L i d a r t  O o p p l e r  Radar9  a n d  T a l l  T o w e r  
H e a s u r e r n e n t s  o f  A t m o s p h e r i c  flows i n  Q u i e s c e n t  a n d  S t o r m y  
Weather."  The f o c u s  h e r e  i s  o n  m o r e  D o p p l e r  l i d a r  
o b s e r v a t i o n s  i n  t h u n d e r s t o r m  e n v i r o n m e n t s .  T h i s  s t u d y  h a s  
l e d  t o  t w o  p u b l i c a t i o n s  i n  r e f e r e e d  j o u r n a l s :  One a p p e a r e d  
i n  Aenligd Q2iit59 a n d  t h e  o t h e r  n i l 1  a p p e a r  i n  t h e  J l g g r ~ a l  
Qf hbRi2SQbeXiL and Qrganir k G h n d Q Q Y .  
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Chapter , I  
INTRODUCTION 
0 1 u e s t e i n  e t  a l m  ( 1 9 8 5 1  d e s c r i b e  a n u m b e r  o f  i n t e r e s t i n g  
f i n d i n g s  i n  t h e i r  a n a l y s e s  o f  d a t a  o b t a i n e d  i n  O k l a h o m a  i n  
1981 u s i n g  t h e  A i r b o r n e  D o p p l e r  L i d a r  S y s t e m  (AOLSI 
d e v e l o p e d  b y  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  
A d m i n i s t r a t i o n ' s  ( N A S A )  M a r s h a l l  S o a c e  F l i g h t  t e n t e r .  
V o r t i c e s  were o b s e r v e d  a l o n g  t h u n d e r s t o r m  g u s t  f r o n t s ,  a n d  
p a t t e r n s  o f  c o n v e r g e n c e  were n o t e d  a l o n g  t h e  s i d e s  o f  a n  
i s o l a t e d  c u m u l u s  c o n g e s t u s 9  s u g g e s t i n g  t h a t  t h e  i n s t r u m e n t  
could D r o v e  u s e f u l  in s t u d i e s  o f  v a r i o u s  " c l e a r  a i r "  
c o n v e c t i v e  p h e n o m e n a  n o t  c u r r e n t l y  o o s e r v a b l e  i n  a n y  d e t a i l  
w i t h  O o D p l e r  r a d a r s .  However ,  t h e  c o m p l e x i t y  o f  t h e  d a t a ,  
a l o n g  ~ i t h  t h e  p r e s e n c e  o f  s e v e r a l  s y s t e m a t i c  e r r o r s  
a s s o c i a t e d  w i t h  d e l a y s  i n  d a t a  r e c o r d i n g ,  n a d e  i t  i n t p e r a t i v e  
t h a t  c a r e f u l  a t t e n t i o n  t o  d a t a  q u a l i t y  c o n t r o l  b e  e x e r c i s e d  
i n  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  d e r i v e d  f r o m  t h e  d a t a m  
A n u m b e r  o f  s u b s t a n t i a l  r e f i n e m e n t s  t o  t h e  p r e v i o u s  d a t a  
a n a l y s i s  a l g o r i t h m s  h a v e  b e e n  n a d e  d u r i n g  t h e  c o u r s e  o f  w o r k  
s u p p o r t e d  b y  t h i s  c o n t r a c t ,  i n  a n  a t t e m p t  t o  i m p r o v e  t h e  
i n t e r n a l  c o n s i s t e n c y  o f  t h e  d a t a  a n d  e n h a n c e  t h e  r e l i a b i l i t y  
o f  t h e  a n a l y s e s .  I n  n a k i n y  t h e s e  r e f i n e m e n t s  we h a v e  
a t t e m p t e d  t o  e x p l o i t  m o r e  f u l l y  some o f  t h e  b u i l t - i n  
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r e d u n d a n c y  o f  t h e  m e a s u r e m e n t s  o f  s c a l a r  q u a n t i t i e s  w h i c h  
a t t e n d s  t h e  u s e  o f  i n t e r s e c t i n g  l i n e s  o f  s i g h t  n e e d e d  i n  t h e  
s y n t h e s i s  o f  t h e  c o p l a n e  w i n d  f i e l d s .  The m o r e  S U b S t a n t S a l  
o f  t h e s e  r e f i n e m e n t s  a r e  d i s c u s s e d  b e l o w .  R e s u l t s  o f  
a n a l y s e s  b a s e d  o n  u s e  o f  t h e  r e f i n e d  a l g o r i t h m s  s h o w s  t h a t  
t h e  s c a l a r  i n t e n s i t y  f i e l d  e s t i m a t e s  a r e  q u i t e  s t a b l e  a n d  
r e l i a b l e ,  r l h i l e  t h e  s c a l a r  s p e c t r a l  d i d t h  f i e l d  e s t i m a t e s ,  
a f t e r  r e m o v a l  o f  t h e  e f f e c t s  o f  mean r a d i a l  v e l o c i t y  
g r a d i e n t s ,  a r e  r e l i a b l e  d s  l o n g  a s  t h e  i n t e n s i t y  o f  t h e  e c h o  
i s  s u f f i c i e n t l y  s t r o n g .  
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Chapter  11: 
REFINEMENTS TO O A T A  ANALYSES 
D u r i n g  i n t e r c o m p a r i s o n  t e s t s  made b e t w e e n  t h e  1 9 9 1  l i d a r  
d a t a  a n d  d a t a  f r o m  r a d a r s  a n d  o t h e r  s e n s o r s t  i t  became c l e a r  
t h a t  c e r t a i n  o f  t h e  l i d a r  d a t a  f i e l d s  c o u l d  n o t  e a s i l y  b e  
c o m p a r e d  d i r e c t l y  t o  a n y  q u a n t i t i e s  o b t a i n e d  f r o m  o t h e r  
i n s t r u m e n t s =  The  l i d a r  e c h o  i n t e n s i t i e s  d r e  d n  o b v i o u s  
e x a m p l e t  b u t  t h e  l i d a r  s p e c t r a l  w i d t h s  were a l s o  d i f f i c u l t  
t o  c o m p a r e  w i t h  t h o s e  f r o m  a D o p p l e r  r a d a r  d u e  t o  t h e  h i g h  
n o i s e  c o n t e n t  o f  t h e  l a t t e r ' s  e s t i m a t e s  i n  c l e a r  a i r  n e a r  
s to rm e d g e s .  I n  t h e  a b s e n c e  o f  c r e d i b l e  r e f e r e n c e  d a t a  w i t h  
w h i c h  t o  c o m p a r e  t h e  l i d a r  i n t e n s i t i e s  a n d  d i d t h s t  i t  became 
n e c e s s a r y  t o  s e e k  a more s e l f - c o n t a i n e d  m e t h o d  o f  e v a l u a t i n g  
t h e  r e l i a b i l i t y  o f  t h o s e  e s t i m a t e s .  T h e  f o r e  a n d  a f t  
m e a s u r e m e n t s  o f  w i n d  c o m p o n e n t s  a r e  n e c e s s a r y  i n  t h e  
d e d u c t i o n  o f  t h e  t w o - d i m e n s i o n a l  w i n d  v e c t o r S T  b u t  c o m p a n i o n  
f o r e / a f t  m e a s u r e m e n t s  o f  s c a l a r  f i e l d s  a r e  o n c e - r e d u n d a n t  
a n d  t h u s  o f f e r  a b u i l t - i n  o p p o r t u n i t y  f o r  i n t e r n a l  
c o n s i s t e n c y  c h e c k s  i n  t h e  l i d a r  d a t a .  I n  t h i s  s e c t i o n  we 
d e s c r i b e  t h e  d e v e l o p m e n t  o f  t h e  a l g o r i t h m s  u s e d  i n  a p p l y i n g  
t h e s e  c o n s i s t e n c y  c h e c k s  t o  t h e  i n t e n s i t y  a n d  s p e c t r a l  r ~ i d t h  
d a t a  f r o m  t h e  1981 e x p e r i m e n t s .  
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2.1. Cotlsistency checks: general procedures 
The first step in the internal consistency checks for t h e  
scalar lidar data fields is segregation o f  fore and a f t  s c a n  
data and a p ~ l i c a t i o n  o f  thresholding and point-editing 
routines (Bluestein et ale, 1935; YcCaulT 19851 t o  remove 
obviously noisy data which would not benefit from the 
correction procedure5 to b e  described below. Initially, 
thresholding parameters were set to values used in earlier 
analyses. Later, however, after examining t h e  data using 
the consistency algorithms, d e  found that revised 
thresholding values could be used and conditional 
relationships specified between those values, so that t h e  
thresholding algorithm vrould perform more efficiently during 
final data analyses. As a n  additional precaution, range 
averages of the intensity and spectral width data rlere 
computed; in sone cases, frame biases similar t o  those s e e n  
in the velocities (see Bluestsin et al.9 19351  were 
observed. The source o f  these frame biases in intensity and 
width is not k n o m ,  but may originate in snall fluctuations 
o f  transmitted laser power. In any case9 the biases were 
reduced by a ~ p l i c a t i o n  o f  the b i a s  removal technique 
described in Jluestein et a i .  IL985). After thresholding, 
editing, and frame-bias renova19 indeDendent objective 
anaLyses o f  f o r e  and a f t  s c a l a r  fields ucere performed and 
the results plotted for comparison p u r p o s e s .  Areas o f  
sijnificant disagreenent could then be identified and their 
- 6 -  
relationship to ran signal-to-noise ratio ( S h 2 )  could be 
studied. Following rsmoval o f  data in the areas subject to 
significant disagreement, final analyses of tne data could 
be prepared b y  averaging t h e  fore and aft fields o f  gridded 
data at those grid points where both fields were in 
aqr eclm en t . 
Due to the tine l a g s  between fore and a f t  data collected 
at longer ranges from the aircraftt agreement between fore 
and aft fields was not always perfect, even when data 
advection (8luestein et al., 1 9 8 5 ;  Hctault 1 3 5 5 )  was used 
prior to t h e  interpolation o f  raw data to the Cartesian 
grid. Some flexibilitv was found to be needed in choosing 
the criteria f o r  agreement between fore and aft fieldst 
because o f  the possibility o f  large .local differences 
between fields in areas o f  large gradients. Choices o f  
agreement criteria which imposed too stringent d requirement 
for agreement rlere found t o  result in undesirable deletion 
o f  valid data in these gradient regions. Idedlly the 
cornparison o f  fore and aft fields should consist of 
two-dimensional cross-covariance calculations and additional 
correction for any f i e l d  displacements inferred fron them, 
followed b y  comparison of the fields using more stringent 
comparison criteria than were used here. Howevert this 
procedure would h a v e  been too cumbersome f o r  normal use. 
Instead, it was more practical to ernploy loose comparison 
criteria in conjunction with detailed subjective review o f  
p l o t t e d  r e s u l t s  a n d  some p o i n t  e d i t i n g  i n  o r d e r  t o  a c h i e v e  
t h e  o p t i m u m  a n a l y s e s  o f  t h e  d a t a .  
2.2. C o n s i s t e n c y  c h e c k s  o f  i n t e n s i t y  d a t a  
I n  c o m p a r i n g  t h e  f o r e  a n d  a f t  f i e l d s  o f  r e l a t i v e  
r e f l e c t i v i t y ,  i t  n a s  f o u n d  t h a t  a g r e e m e n t  b e t w e e n  t h e  
i n d e p e n d e n t  f i e l d s  was e x c e l l e n t .  E x m p l e s  o f  t h e  f o r e  a n d  
a f t  f i e l d s  f r o m  run  2 a r e  shown  i n  F i g s .  1 a n d  2. B e c a u s e  
o f  t h e  p r e s e n c e  o f  l a r g e  g r a d i e n t s  o f  r e f l e c t i v i t y  a l o n g  t h e  
a r c u s  c l o u d  i n  r u n  2 1  it was n e c e s s a r y  t o  e s t a b l i s h  a r a t h e r  
l o o s e  c o m p a r i s o n  c r i t e r i o n  f o r  d e t e r m i n i n g  w h e t h e r  t h e  
f i e l d s  were i n  a g r e e m e n t .  The  c r i t e r i o n  f o r  a g r e e m e n t  uas 
t h a t  t h e  r a t i o  of f o r e  a n d  a f t  r e l a t i v e  r e f l e c t i v i t i e s  a t  
g r i d  p o i n t s  be  w i t h i n  20  d 8  o f  e a c h  o t h e r .  T h e  s i m i l a r i t y  
o f  t h e  f i e l d s  In Figs. 1-2 is e v i d e n c e  t h a t  t h e  r e l a t i v e  
r e f l e c t i v i t y  f i e l d  i s  i n t e r n a l l y  c o n s i s t e n t 9  a n d  a l m o s t  
c e r t a i n l y  m e a s u r e s  some p h y s i c a l l y  m e a n i n g f u l  a t m o s p h e r i c  
q u a n t i t y  r e l a t e d  t o  water v a p o r  or c l o u d  d e n s i t y .  
2.3. C o n s i s t e n c y  c h e c k s  o f  s p e c t r a l  w i d t h  d a t a  
C o m p a r i s o n  o f  t h e  f o r e  a n d  a f t  f i e l d s  o f  r a w  s p e c t r a l  
w i d t h  d a t a  i n t e r p o l a t e d  t o  g r i d  p o i n t s  s h o w e d  t h a t  t h e r e  
were s u b s t a n t i a l  a r e a s  o f  d i s a g r e e m e n t  b e t w e e n  t h e  f i e l d s .  
T h e  a r e a s  o f  d i s a g r e e m e n t  were a p p a r e n t  n e a r  t h e  v e l o c i t y  
g r a d i e n t  o f  t h e  g u s t  f r o n t :  d i s a g r e e m e n t  d a s  a l s o  n o t e d  
a l o n g  t h e  e n t i r e  r u n  a t  l o n g  r a n g e s  f r o m  t h e  a i r c r a f t .  
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S t u d y  o f  t h i s  d i s a g r e e m e n t  b e t J e e n  f o r e  a n d  a f t  s p e c t r a l  
w i d t h  f i e l d s  e v e n t u a l l y  r e v e a l e d  t h a t  t h e r e  w e r e  two f a c t o r s  
r e s p o n s i b l e  f o r  t h e  d i s a g r e e m e n t .  
T h e  f i r s t  f a c t o r  r e l a t e s  t o  t h e  u n a v o i d a b l e  i n c r e a s e  o f  
n o i s e  i n  t h e  s p e c t r a l  w i d t h  e s t i m a t e s  a s  t h e  raw S N R  i s  
r e d u c e d .  S i n c e  SNR n o r m a l l y  d e c l i n e s  w i t h  r a n g e  - u n l e s s  
h i g h l y  r e f l e c t i v e  t a r g e t s  a r e  e n c o u n t e r e d  - we expect  t h e  
s p e c t r a l  w i d t h s  t o  become  n o i s y  b e y o n d  d c e r t a i n  r a n g e  
c o r r e s p o n d i n g  t o  a c r i t i c a l  v a l u e  o f  SNR. T h r o u g h  s t u d y  o f  
t h e  d i f f e r e n c e s  b e t w e e n  f o r e  a n d  a f t  s p e c t r a l  w i d t h s  i t  was 
o b s e r v e d  t h a t  n o i s e  o v e r w h e l m e d  t h e  s p e c t r a l  w i d t h  e s t i m a t e s  
w h e n e v e r  t h e  SNR was n o t  a t  l e a s t  1 2  dB.  T h i s  b a c k g r o u n d  
noise l e v e l  i s  e a s i l y  e s t i m a t e d  b y  e x a m i n i n g  t h e  raw SNR a t  
l o n g  r a n g e s  from t h e  a i r c r a f t .  T h e  n o i s y  p o r t i o n  o f  t h e  
s p e c t r a l  w i d t h  f i e l d s  a s s o c i a t e d  w i t h  low SNR were t h u s  
r e m o v e d  f r o m  t h e  d a t a  by t h r e s h o l d i n g  o u t  t h o s e  w i d t h  v a l u e s  
w h i c h  were u n r e a s o n a b l y  1 a r g e . a n d  w h i c h  were c o l l e c t e d  i n  
r e g i o n s  w h e r e  SNR was less t h a n  1 2  dB. 
The  s e c o n d  f a c t o r  w h i c h  c a u s e d  d i s a g r e e m e n t  b e t w e e n  f o r e  
a n d  a f t  s p e c t r a l  w i d t h s ,  s o m e t i m e s  e v e n  a t  h i g h  S N R ?  wd5 
u l t i m a t e l y  d i s c o v e r e d  t o  b e  t h e  p r e s e n c e  o f  r a d i a l  v e l o c i t y  
g r a d i e n t s  a l o n g  l i d a r  l i n e s  of  s i g h t .  S i n c e  t h e  mean 
v e l o c i t y  f i e l d  w a s  h i g h l y  a n i s o t r o p i c ?  f o r e  a n d  a f t  l i n e s  o f  
s i g h t  g e n e r a l l y  d i d  n o t  s e e  t h e  same g r a d i e n t s  o f  v e l o c i t y  
b e c a u s e  o f  t h e i r  d i f f e r e n t  a n g l e s  o f  i n c i d e n c e .  T h e s e  
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d i f f e r e n t  rllean v e l o c i t y  g r a d i e n t s  were c a p a b l e  o f  
i n t r o d u c i n g  s i g n i f i c a n t l y  d i f f e r e n t  c o m p o n e n t s  o f  a p p a r e n t  
s D e c t r a l  w i d t h  i n  f o r e  and  a f t  s p e c t r a l  w i d t h  e s t i m a t e s .  I n  
o r d e r  t o  r e m o v e  t h e s e  a n i s o t r o p i c  e f f e c t s  f r o m  t h e  s p e c t r a l  
w i d t h  e s t i m a t e s  a n d  o b t a i n  r e v i s e d  e s t i m a t e s  w h i c h  w o u l d  
m o r e  a c c u r a t e l y  r e f l e c t  t h e  m o r e  i s o t r o p i c  e f f e c t s  o f  
t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s t  we a t t e m p t e d  t o  r e m o v e  t h a t  
p o r t i o n  o f  e a c h  s p e c t r a l  w i d t h  e s t i m a t e  d u e  t o  t h e  g r a d i e n t  
o f  r a d i ’ a l  v e l o c i t y .  T h e  s i m p l e  m o d e l  w e  d e v e l o p e d  t o  a s s e s s  
t h e  e f f e c t  o f  r a d i a l  v e l o c i t y  g r a d i e n t s  o n  s p e c t r a l  w i d t h  i s  
d e s c r i b e d  b e l o w .  
He f i r s t  a s s u m e  t h a t  we may d e s c r i b e  t h e  r a d i a l  v e l o c i t y  
V, a s  a l o c a l l y  l i n e a r  f u n c t i o n  o f  r a n g e  a b o u t  some  r a n g e  
‘0 : 
U n d e r  t h i s  a s s u m p t i o n  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  P(V, 1 
i s  u n i f o r m  a c r o s s  t h e  v e l o c i t y  i n t e r v a l  d e f i n e d  f r o m  t h e  
d i f f e r e n c e  o f  r a d i a l  v e l o c i t i e s  a t  t h e  r a n g e  g a t e s  “j+ln  a n d  
“j-1- a d j a c e n t  t o  a n y  r a n g e  g a t e  njn a t  r=ro w h e r e  w e  w i s h  
t o  c o r r e c t  t h e  s p e c t r a l  w i d t h .  We t h u s  c o m p u t e  P ( V , J  f r o m :  
- L O  - 
I n  e q u a t i o n  (2) de s p e c i f y  A t  a s  t h e  r a n g e  g a t e  d e p t h  a n d  
e s t i m a t e  t h e  d e r i v a t i v e  3U, / 3r  by c e n t e r e d  f i n i t e  
d i f f e r e n c e s  e Vow we may o b t a i n  a n  e x p r e s s i o n  for t h e  
s p e c t r a l  w i d t h  d u e  t o  t h e  mean v e l o c i t y  g r a d i e n t  f r o m :  
w h e r e  t h e  l i m i t s  V, a n d  Vz a r e  g i v e n  r e s p e c t i v e l y  b y  
-13V,/Er)IAr/Zl a n d  C(3Vr/arl(Ar/2J. I n t e g r a t i o n  o f  1 3 )  
p r o d u c e s :  
We now s i m p l y  a s s u m e  t h a t  t h e  t o t a l  m e a s u r e d  s p e c t r a l  w i d t h  
s q u a r e d  c o n s i s t s  o f  the sum o f  t h e  s q u a r e d  H i d t h s  00' d u e  t o  
mean v e l o c i t y  g r a d i e n t s  a n d  rn: d u e  t o  t u r b u l e n t  
f l u c t u a t i o n s  w i t h i n  t h e  r a n g e  r e s o l u t i o n  v o l u m e .  # e  t h u s  
wr i t e :  
To o b t a i n  t h e  e s t i m a t e  o f  t u r b u l e n t  s p e c t r a l  d i d t h  %e 
t r a n s p o s e  1 5 )  t o  g e t :  
subject t o  t h e  c o n s t r a i n t  t h a t  i f  t h e  r a d i c a n d  i n  ( 6 1  i s  
n e g a t i v e  t h e n  t h e  t u r b u l e n t  w i d t h  e s t i m a t e  is z e r o .  T e s t s  
o f  this f o r m u l a  on even l a r g e  d a t a  r u n s  y i e l d e d  o n l y  a 
h a n d f u l  o f  p o i n t s  where the r a d i c a n d  i n  ( 6 )  was n e g a t i v e .  
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A f t e r  a p p l i c a t i o n  o f  161 t o  t h e  f o r e  a n d  a f t  s p e c t r a l  
w i d t h  d a t a ,  t h e  r e v i s e d  f o r e  a n d  a f t  f i e l d s  o f  s p e c t r a l  
w i d t h  s h o w e d  c o n s i d e r a b l y  m o r e  c o n s i s t e n c y  o f  p a t t e r n  a n d  
m a g n i t u d e .  S a m p l e  p l o t s  f r o m  r u n  2 a r e  g i v e n  i n  F i g s .  3 a n d  
4. I n  a s s e s s i n g  t h e  d e g r e e  o f  a g r e e m e n t  b e t w e e n  f o r e  a n d  
a f t  f i e l d s ,  we c o n s i d e r e d  t h e  f i e l d s  t o  b e  i n  s a t i s f a c t o r y  
a g r e e m e n t  i f  t h e y  d i f f e r e d  f r o m  e a c h  o t h e r  b y  less t h a n  a 
f a c t o r  o f  2 . 5 .  T h i s  f a c t o r  was a r e a s o n a b l e  c h o i c e  i n  v i e w  
o f  t h e  l a r g e  f l u c t u a t i o n s  w h i c h  c h a r a c t e r i z e d  the  s p e c t r a l  
w i d t h  i n  r e g i o n s  o f  h i g h  n o i s e  c o n t e n t .  
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F I G -  3.  M o d i f i e d  s p e c t r a l  w i d t h  from f o r e  d a t a t  run 2 ,  30 
June 1981.  
X-DISTANCE FROM CIM (km) 
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F I G -  4-  M o d i f i e d  s p e c t r a l  w i d t h  from a f t  d a t a ?  run Z T  30 
June 1981. 
ug = -1.8 m s-I 
vq = 1.6 m s-' 
-30 
-20 
AFT 
SPECTRUM WIDTH X IO ms-' 
CONTOUR INTERVAL 0.2 ms- '  
30 JUNE 1981, 202130 GMT 
RUN 2, Z= 720 m AGL 
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Chapter  I11 
OTHER ANALYSES 
S e v e r a l  a d d i t i o n a l  a n a l y s e s  were c o n d u c t e d  i n  a n  e f f o r t  
t o  s e e  i f  t h e  l i d a r  d a t a  y i e l d e d  r e s u l t s  w h i c h  were 
s e l f - c o n s i s t e n t  o r  c o n f o r m e d  w i t h  e i t h e r  p r e v i o u s  
o b s e r v a t i o n s  or t h e o r e t i c a l '  c a l c u l a t i o n s .  Among t h e s e  
a n a l y s e s  were L a g r a n g i a n  c o m p u t a t i o n s  o f  p a r c e l  v o r t i c i t y  
along t h e  g u s t  f r o n t  o f  r u n  29 most u n s t a b l e  w a v e l e n g t h  
c o m p u t a t i o n s  o f  v o r t e x  s p a c i n g  a l o n g  t h a t  s a m e  g u s t  f r o n t 9  
a n d  e x a m i n a t i o n  o f  t h e  d i v e r g e n c e  o f  wind  c o m p o n e n t s  n o r m a l  
t o  a r b i t r a r i l y  o r i e n t e d  l i n e s  p a s s i n g  t h r o u g h  t h e  c e n t e r  o f  
t h e  a s y m m e t r i c  i s o l a t e d  c u m u l u s  c l o u d  o f  r u n s  5-12. 
3.1. V o r t i c i t y  a n a l y s i s  alohg t h e  r u n  2 g u s t  f r o n t  
P a r t i c u l a r l y  n o t e w o r t h y  f e a t u r e s  s e e n  i n  some  o f  t h e  1981 
l i d a r  r e s u l t s  1 3 l u e s t e i n  e t  a 1 . t  1985: M c C a u l r  1 9 8 5 ;  McCaul  
e t  a1.c  19871 a r e  t h e  w e l l - d e f i n e d  v o r t i c a l  p e r t u r b a t i o n s  
s e e n  a l o n g  t h e  g u s t  f r o n t  o f  r u n  2 i n  t h e  30 J u n e  d a t a .  
P e a k  v o r t i c i t y  i n  t h e s e  f e a t u r e s 9  c o m p u t e d  f r o m  t h e  g r i d d e d  
l i d a r  w i n d s 9  i s  a b o u t  4~10'~ 5 ' ' .  Al lnos t  a l l  t h e  v o r t e x  
p a t t e r n s  a p p e a r  t o  b e  a s s o c i a t e d  w i t h  n o t c h e s  o r  c l e f t s  i n  
t h e  a r c u s  s e e n  b o t h  i n  t h e  s i d e - l o o k i n g  p h o t o g r a p h s  a n d  i n  
t h e  r e f l e c t i v i t y  p a t t e r n s ,  a n d  t h u s  a p p e a r  t o  b e  g e n u i n e .  
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T o  f u r t h e r  s u b s t a n t i a t e  t h e  o b s e r v e d  v o r t e x  p a t t e r n s  a n d  
l a r g e  v o r t i c i t y  c o n c e n t r a t i o n s  a l o n g  t h e  g u s t  f r o n t ,  we 
p e r f o r m e d  c o m p u t a t i o n s  o f  p a r c e l  v o r t i c i t y  a l o n g  p a r c e l  
t r a j e c t o r i e s  r r h i c h  s e e m e d  r e a s o n a b l e  f o r  s u c h  a g u s t  f r o n t ,  
a n d  c o m p a r e d  t h e  r e s u l t s  w i t h  t h e  o b s e r v a t i o n s .  T o  d o  t h i s 9  
w e  n e e d e d  t o  e s t i m a t e  t h e  v e r t i c a l  s h e a r  n e a r  t h e  g u s t  
f r o n t ,  t h e  v e r t i c a l  v e l o c i t y  a t  a n d  n e a r  t h e  f r o n t ,  t h e  
a m o u n t  o f  c o n v e r g e n c e  a l o n g  t h e  f r o n t ,  a n d  t h e  w i d t h  o f  t h e  
c o n v e r g e n c e  z o n e .  Y o s t  o f  t h e s e  q u a n t i t i e s  c o u l d  b e  
e s t i m a t e d  f rom t h e  l i d a r  d a t a  o r  f r o m  d a t a  c o l l e c t e d  b y  a 
N a t i o n a l  S e v e r e  S t o r m s  L d b o r a t o r y  [ N S S L )  m e s o n e t  s t a t i o n  a t  
T u t t l e - S o u t h  ( T T S ) ,  w h i c h  was o v e r f l o d n  by  t h e  a i r c r a f t  
d u r i n g  d a t a  c o l l e c t i o n .  
S i n c e  t h e  a i r c r a f t  a p p a r e n t l y  was c l o s e s t  t o  TTS ( w i t h i n  
1 k m )  a t  2020 SHT,  t h e  a v e r a g e  v e r t i c a l  s h e a r  a t  T T S  was 
e s t i m a t e d  by c o m p a r i n g  t h e  w i n d  v e c t o r s  o b t a i n e d  b y  t h e  
l i d a r  a n d  t h e  s u r f a c e  s t a t i o n .  T h e  l i d a r - d e r i v e d  w i n d s .  
n e a r e s t  T T S  were 4.3 m s-I f r o m  135 d e g  a t  2 0 2 0  G M T ,  w h i l e  
t h e  s u r f a c e  s t a t i o n ' s  60-s a v e r a g e  w i n d  was  1.9 m 5-I f r o m  
134 d e g  a t  t h a t  t ime.  U s i n g  t h e  a i r c r a f t  a l t i t u d e  e s t i m a t e  
o f  7 2 2  in from t h e  CV-990 's  d o w n - l o o k i n g  r a d a r  a n d  i g n o r i n g  
t h e  t i n y  d i f f e r e n c e  i n  w i n d  a z i m u t h s ,  de i n f e r  a 
s o u t h e a s t e r l y  v e r t i c a l  - s h e a r  o f  3 . 3 ~  s-' . 
We e s t i m a t e d  t h e  peak  s u r f a c e  c o n v e r g e n c e  a n d  t h e  w i d t h  
o f  t h e  f r o n t a l  c o n v e r g e n c e  z o n e  f r o m  c o n s i d e r a t i o n  o f  t h e  
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f r o n t - n o r m a l  v e l o c i t y  c o m p o n e n t s  o f  t h e  w i n d s  s h o w n  i n  F i g .  
59 u n d e r  t h e  a s s u m p t i o n  t h a t  t h e  H i n d s  a t  T T S  were 
r e p r e s e n t a t i v e  o f  t h e  o v e r a l l  t w o - d i m e n s i o n a l  a v e r a g e  
c i r c u l a t i o n  a c r o s s  t h e  f r o n t .  C e n t e r e d - d i f  f e r e n c e  
c o m p u t a t i o n s  o n  t h e  498 m o n e - d i m e n s i o n a l  g r i d  t h a t  r e s u l t s  
f r o m  t h e  t i m e - t o - s p a c e  t r a n s f o r m a t i o n  ( t w i c e  a s  c o a r s e  3 s  
t h e  g r i d  u s e d  t o  r e s o l v e  t h e  l i d a r  m e a s u r e m e n t s 1 9  y i e l d  
c o n v e r g e n c e  o f  7 ~ 1 0 ' ~  s"9 w h i l e  t h e  s p a t i a l  p a t t e r n  o f  t h e  
c o n v e r g e n c e  e s t i m a t e s  i m p l i e s  t h a t  t h e  w i d t h  o f  t h e  
c o n v e r g e n c e  z o n e  is a b o u t  2.L km. T h i s  w i d t h  i s  i n  
a g r e e m e n t .  w i t h  t h e  w i d t h  o f  t h e  z o n e  o f  w e l l - d e f i n e d  
c o n v e r g e n c e  m e a s u r e d  by  H o b b s  a n d  P e r s s o n  I 1 9 B 2 )  a l o n g  a 
c o l d  f r o n t 9  b u t  is a b o u t  h a l f  t h a t  w h i c h  w a s  m e a s u r e d  a t  t h e  
e d g e  o f  a g u s t  f r o n t  s t u d i e d  by  F u l t o n  a n d  Z r n i c '  ( 1 9 8 5 1 .  
A p e a k  c o n v e r g e n c e  o f  a b o u t  5 ~ 1 0 ' ~  s-'  was  i n f e r r e d  from 
t h e  l i d a r  w i n d s  n e a r  one o f  t h e  g u s t  f r o n t  v o r t i c e s 9  b u t  
t y p i c a l  l i d a r - d e r i v e d  v a l u e s  o f  c o n v e r g e n c e  n e a r  t h e  f r o n t  
H e r e  L-ZxlO-2 5-1. T h e s e  l a t t e r  v a l u e s  a r e  i n  g o o d  
a g r e e m e n t  d i t h  t h e  m a g n i t u d e  o f  t h e  T T S - d e r i v e d  s u r f a c e  
c o n v e r g e n c e 9  e s p e c i a l l y  when t h e  d i f f e r e n c e s  i n  s p a t i a l  
r e s o l u t i o n  a r e  t a k e n  i n t o  a c c o u n t .  A f i r m  e s t i m a t e  o f  t h e  
w i d t h  o f  t h e  c o n v e r g e n c e  z o n e  c o u l d  not b e  o b t a i n e d  f r o m  t h e  
l i d a r - d e r i v e d  H i n d  f i e l d s  i n  r u n  2 b e c a u s e  n o i s e  i n  t h e  
l i d a r  w i n d s  n a s k e d  t h e  c a n v e r g e n c e  p a t t e r n s  a t  a b o u t  t h e  
LO-3 s-l m a g n i t u d e  l e v e l .  
\ 
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FIG. 5 .  P l o t  o f  meteorological o b s e r v a t i o n s  f rosn  TTS 
( T u t t l e  South17 2000-2100 G M T ,  30 J u n e  19.31. Prissure a n d  
r a i n f a l l  t r a c e s  h a v e  Seen s inoothed  d i t n  3 t h r e t - p o i n t  
l o d - o a s r  f i l t e r  t o  r e d u c e  q u a n t i z 3 t i o n  e f f e c t i .  T r 3 c z s  o f  
f r o n t - n o r m a l  a n d  f r o n t - p a r a l l e l  c o m p o n e n t s  o f  d i n d s p l e d  dr-2 
a l s o  d i s o l a y e d  ( c e n t e r  P d n o l l r  a n d  t h e  p o r t i a n  o f  t S e  w i n d  
d a t a  c o r r e s p o n d i n g  t o  sur face  c 0 n v e r ) e n c e  i s  n d r k e d  I'd < 0." 
c1 r 
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We h y p o t h e s i z e d  t h a t  t h e  g u s t  f r o n t  v o r t e x  p a t t e r n s  m i g h t  
be c a u s e d  b y  t h e  t i l t i n g  of p r e - e x i s t i n g  h o r i z o n t a l  
v o r t i c i t y  i n  t h e  b o u n d a r y  l a y e r  j u s t  a h e a d  o f  t h e  g u s t  
f r o n t 9  some o f  w h i c h  may h a v e  b e e n  s o l e n o i d a l l y  g e n e r a t e d  
( R o t u n n o  a n d  K l e m p T  1 9 B S 1 9  o r  b y  h y d r o d y n a m i c  i n s t a b i l i t y  o f  
t h e  s h e a r e d  i n t e r f a c e  D e t w e e n  t h e  warm a n d  c o l d  a i r  o n  
e i t h e r  s i d e  o f  t h e  g u s t  f r o n t .  T o  s e e  w h e t h e r  t h e  
m a g n i t u d e s  o f  v o r t i a i t y  c o m p u t e d  f r o m  t h e  l i d a r - d e r i v e d  run 
2 u i n d s  c a n  b e  e x p l a i n e d  by t h e  t i l t i n g  a n d  s t r e t c h i n g  
m e c h a n i s m s 9  we c o n s i d e r  t h e s e  terms i n  t h e  v o r t i c i t y  
e q u a t i o n  i n  h e i g h t  c o o r d i n a t e s :  
where :  f = v e r t i c a l  r e l a t i v e  v o r t i c i t y  
f = C o r i o l i s  p a r a m e t e r  
b = h o r i z o n t a l  d i v e r g e n c e  
V,,= h o r i z o n t a l  w ind  v e c t o r  
w = v e r t i c a l  w ind  c o m p o n e n t  
k = u n i t  v e c t o r  a l o n g  z - c o o r d i n a t e  
* 
A 
T h i s  e q u a t i o n  is d i r e c t l y  i n t e g r a b l e  for p a r c e l s  t r a v e r s i n g  
t h e  g u s t  f r o n t  z o n e  u n d e r  t h e  a s s u m p t i o n  o f  c o n s t a n t  
c o n v e r g e n c e  a n d  t i l t i n g  o f  v e r t i c a l  s h e a r .  The s o l u t i o n  i s  
o f  t h e  form: 
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w h e r e  t h e  c o e f f i c i e n t  b is g i v e n  b y  f + ( 1 / 6 1 ( d w / d x ) ( d v / d z I ,  
w i t h  v t h e  v e l o c i t y  c o m p o n e n t  p a r a l l e l  t o  t h e  g u s t  f r o n t .  
O u r  a s s u m p t i o n s  c o n s t i t u t e  a s i m p l e  c o n c e p t u a l  m o d e l  o f  t h e  
g u s t  f r o n t  v e r t i c a l  c i r c u l a t i o n  d e r i v e d  f r o m  Goff (197511 i n  
w h i c h  b o t h  c o l d  a n d  warm a i r  e x p e r i e n c e  a s c e n t  a l o n g  t h e  
f r o n t a l  i n t e r f a c e ,  w i t h  maximum u p w a r d  m o t i o n  o c c u r r i n g  i n  
t h e  warm a i r  w i t h i n  1 k m  o f  t h e  i n t e r f a c e .  Yerev f o r  
s i m p l i c i t y ,  uJe a s s u m e d  a l s o  t h a t  t h e  i n t e r f a c e  was p u r e l y  
v e r t i c a l  t h r o u g h o u t  t h e  l o w e s t  7 2 0  m, a n d  t h a t  maximum 
u p w a r d  m o t i o n  o c c u r r e d  a t  t h e  i n t e r f a c e t  a s  o b s e r v e d  b y  
F u l t o n  a n d  Z r n i c '  ( 1 9 8 5 ) .  We a s s u m e d  t h a t  v o r t i c i t y  o f  
p a r c e l s  e n t e r i n g  t h e  g u s t  f r o n t  z o n e  was i n i t i a l l y  e q u a l  
o n l y  t o  t h e  C o r i o l i s  p a r a m e t e r ,  a n d  we u s e d  t y p i c a l  l i d a r -  
a n d  T T S - d e r i v e d  v a l u e s  f o r  b o f  IOe2 s-l a n d 1 a q , , / a z l  o f  
3 ~ 1 0 ' ~  s-l i n  t h e  warm a i r  n e a r  t h e  g u s t  f r o n t .  A l t h o u g h  
v o r t i c i t y  - c o u l d  i n  p r i n c i p l e  be p r o d u c e d  b y  t i l t i n g  o n  b o t h  
t h e  warm a n d  c o l d  s i d e s  o f  t h e  g u s t  f r o n t ,  a n d  s u b s e q u e n t l y  
a d v e c t e d  t o w a r d  the g u s t  f r o n t  b o u n d a r y  f r o m  b o t h  s i d e s ,  w e  
l a c k e d  e s t i m a t e s  o f  v e r t i c a l  s h e a r  i n  t h e  c o l d  a i r  a n d  t h u s  
r e s t r i c t  our d i s c u s s i o n  t o  t h e  e f f e c t s  o f  t i l t i n g  o f  s h e a r  
i n  t h e  w a r m  a i r  o n l y .  
We a s s u m e d  c o n v e r g e n c e  was c o n s t a n t  f r o m  t h e  s u r f a c e  u p  
t o  t h e  a i r c r a f t  a l t i t u d e ,  7 2 0  mv so  t h a t  ri = - z d  f r o m  
i n t e g r a t i o n  o f  t h e  i n c o m p r e s s i b l e  f o r m  of  t h e  % a s s  
c o n t i n u i t y  e q u a t i o n .  I t  t h e n  f o l l o w e d  t h a t  u p w a r d  m o t i o n s  
o f  a b o u t  7 m s-' p r o b a b l y  o c c u r r e d  a l o n g  t h e  gust f r o n t  a t  
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aircra t a  titude. These upward velocities are within the 
range of values measured b y  Gaff ( 1 9 7 5 )  and Browning (1971) 
along gust fronts and cold fronts respectively. 
Taking u at 360 m as an estimate of t h e  mean vertical 
velocity experienced b y  parcels traversing the gust front 
zone9 and using d n  updraft zone half-ridth of about 1.5 kin? 
we estimated a mean lvwl of Z . + X ~ O - ~  s ' ~ ?  and a background 
vorticity production rate from tilting of 7.2x10-" s ' ~ .  The 
solution (8) then showed that the exponentially growing 
vorticity reaches t h e  observed value of LO'* s - (  in only 
260 so T h i s  time is comparable t o  t h e  200 s required for a 
parcel to accelerate t o  a vertical velocity of 7 m 5 - l  while 
rising f r o m  n e a t  the surface u p  to aircraft altitude and 
simultaneously translating 1.5 k m  at a gust-front-relative 
speed o f  about il m s'l. Thus it appears that tilting and 
stretching effects estimated using the lidar and TTS data 
are consistent in magnitude with t h e  average gust front 
vorticity computed f r o m  the lidar winds. 
We also investigated t h e  vorticity budget o f  parcels 
traversing the gust front using a more detailed analytical 
model of the flow dhich obviated the need for the assumption 
of constant convergence during t h e  traversal. We proceeded 
b y  considering the Lagrangian f o r m  o f  the vorticity 
equation: 
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w h e r e  we a r e  now l e t t i n g  t h e  c o n v e r g e n c e  v a r y  w i t h  
a c r o s s - f r o n t  d i s t a n c e  x t  b u t  n o t  i n  t h e  v e r t i c a l 9  and we a r e  
l e t t i n g  t h e  v e r t i c a l  v e l o c i t y  v a r y  w i t h  b o t h  x a n d  t o  de 
noid assume t h a t  t h e  c o n v e r g e n c e  p a t t e r n  a c r o s s  t h e  gus t  
f r o n t  may b e  m o d e l l e d  l o c a l l y  a s  a s i n e  vrave: 
& ( X I  = 6 ,cosrnx /zL)  ( 1 0 )  
w h e r e  L is t h e  d i s t a n c e  f r o m  t h e  f r o n t  w h e r e  c o n v e r g e n c e  
s n i t c h e s  t o  d i v e r g e n c e 9  a n d  6, i s  t h e  v a l u e  of d i v e r g e n c e  a t  
t h e  f r o n t *  w h e r e  i t  i s  l a r g e s t  ( n e g a t i v e ) .  Now s i n c e  r e  a r e  
m o d e l l i n g  t h e  f r o n t  a s  a l i n e  o f  c o n v e r g e n c e ,  we may e x p r e s s  
t h e  d i v e r g e n c e  i n  t e r m s  of o n l y  o n e  v e l o c i t y  c o m p o n e n t  & ( X I  
= & / a x ,  f r o m  which we deduce:  
B e c a u s e  4 = bwf2zr we may thus f i n d  w: 
T h e r e f o r e  t h e  3 r / 3 x  t e r m  i n  ( 9 )  becomes: 
Me n e x t  assume t h e  f l o w  is s t e a d y  a n d  i s  C h a r a c t e r i z e d  D V  
v o r t i c i t y  < = a v / a x  w h i c h  i s  a f u n c t i o n  f =  P ( x ~ z , ) T  w h e r e  
zo i s  t h e  a l t i t u d e  assumed b y  a p a r c e l  when i t  e n t e r s  t h e  
gust  f r o n t  c o n v e r g e n c e  zone l o c a t e d  a t  x = L o  S u b s t i t u t i o n  
o f  ( 1 0 1  a n d  ( 1 3 )  i n t o  ( 3 )  u n d e r  t h e s e  a s s u m p t i o n s  l e a d s  t o :  
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Simplification o f  ( 1 4 )  results in: 
d/dx[j sin(nx/ZL) 1 = -Inf/tL)costux/ZL1 - (n/ZLI2zOso f 1 5 )  
where n o u  so is t h e  assumed constant value o f  bv/az. 
Integrating ( 1 4 1  f r o m  x = L inward to some other x yields an 
expression f o r  vorticity: 
I f  r e  n o w  choose reasonable values o f  t h e  parameters f, so 
and L to be 1x10'* s-', 3 ~ 1 0 ' ~  s-' and 2 krn respectively9 we 
may compute the vorticity field on a cross section 
transverse to t h e  gust front f o r  various reasonable values 
o f  x/L and z/L. The results9 given in T a b l e  1 1  a r e  in very 
close agreement with t h e  mean value and distribution o f  
vorticity across the gust f r o n t 9  as deduced from t h e  lidar 
winds.  I n  particular9 at an altitude o f  500 rn ( z / L  = 0.25) 
and a distance o f  100 m f r o m  t h e  front ( x / L  = 0.05)~ the 
computed vorticity is about 2 - 4 ~ 1 0 - ~  s'I, very similar t o  
the average value at the front seen in t h e  lidar-derived 
vorticity results tMcCault 19851.  He conclude that t h e  
lidar data seem t o  be self-consistent and i n  agreement with 
what s i m p l e  theoretical models would predict, at least as 
f a r  as t h e  gust front w i n d s  a r e  concerned- 
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TABLE 1 
x/L: 0.05 0.10 00 15  0.20 0.25 
Z /L 
0.25 010236 0oOlI.Z 000071 0 0 0 0 5 0  000035 
0.20 0 0 0 1 9 1  O o O O 9 L  Do0057 OoOO41 OoOO31 
0.15 0.0146 000069 0.0044 000031 000023 
0.10 000101 000048 0.0030 000021 000016 
0 . 0 5  0 .0057  0.0027 000017 000012 000009 
We now t u r n  t o  t h e  q u e s t i o n  o f  w h e t h e r  h y d r o d y n a m i c a l  
i n s t a b i l i t y  o f  t h e  H e l m h o l t z  t y p e  c o u l d  h a v e  been 
r e s p o n s i b l e  f o r  t h e  p r o d u c t i o n  of  t h e  g u s t  f r o n t  v o r t i c e s -  
We r e c a l l  t h a t  v o r t i c e s  q u a l i t a t i v e l y  s i m i l a r  i n  a p p e a r a n c e  
t o  t h o s e  o b s e r v e d  i n  r u n  2 h a v e  b e e n  o b s e r v e d  b y  C a r b o n e  
(19821 19831 a l o n g  a n  i n t e n s e  w i n t e r - t i m e  c o l d  f r o n t  i n  
C a l i f o r p i a t  a n d  b y  W i l s o n  11906) a l o n g  a s p r i n g - t i m e  c o l d  
f r o n t  i n  C o l o r a d o .  In C a r b o n e a s  d a t a t  p e a k  v o r t i c i t i e s  a n d  
d i v e r g e n c e s  r e r e  s i m i l a r  t o  t h o s e  o b s e r v e d  h e r e t  d b o u t  
lo-* s-*, b u t  o v e r a l l  w i n d  s p e e d s  were much h i g h e r  a n d  t h e  
f l o w  was c h a r a c t e r i z e d  by  a s t r o n g  j e t  p a r a l l e l  t o  t h e  
f r o n t .  T h e  v o r t i c e s  o o s e r v e d  b y  C a r b o n e  were s p a c e d  a t  
i n t e r v a l s  o f  a p p r o x i m a t e l y  13 kmt s o m e w h a t  l a r g e r  t h a n  t h e  
3-1Okkm o b s e r v e d  h e r e .  H o w e v e r t  i n  t h e  c a s e  s t u d i e d  b y  
W i l s o n  ( 1 9 8 6 ) ~  t h e  s p a c i n g  o f  v o r t i c e s  was i n  t h e  m i d d l e  o f  
t h e  r a n g e  o f  s p a c i n g s  f o u n d  here .  
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C a r b o n e  a t t r i b u t e d  t h e  v o r t i c e s  t o  H e l m h o l t z  i n s t a b i l i t y  
i n  t h e  r e g i o n  o f  s t r o n g  h o r i z o n t a l  s h e a r  a l o n g  t h e  f r o n t 8  
B a r c i l o n  a n d  D r a r i n  ( 1 9 7 2 )  c o n c l u d e ,  u s i n g  s t a n d a r d  l i n e a r  
s t a b i l i t y  a n a l y s i s  t e c h n i q u e s t  t h a t  s h e a r  z o n e s  w h i c h  c a n  b e  
m o d e l l e d  as v e r t i c a l  v o r t e x  s h e e t s  a r e  a l w a y s  u n s t a b l e  i n  
t h e  p r e s e n c e  o f  s u p e r a d i a b a t i c  l a p s e  r a t e s .  E v i d e n c e  f r o m  
TTS t e m p e r a t u r e  d a t a  and t e m p e r a t u r e  d a t a  t a k e n  b y  t h e  
a i r c r a f t  s u g g e s t  t h a t  a s l i g h t l y  s u p e r a d i a b a t i c  l a p s e  r a t e  
o f  10.6 d e g  C p e r  km o f  a l t i t u d e  e x i s t e d  a t  TTS a t  2020  G Y T r  
j u s t  2.5 m i n  b e f o r e  t h e  a r r i v a l  o f  t h e  g u s t  f r o n t -  
F u r t h e r m o r e ,  i f  we m o d e l  t h e  g u s t  f r o n t  z o n e  as a h o r i z o n t a l  
s h e a r  l a y e r  w i t h  a h a l f - w i d t h 9  0.75 kmr c o n s t r a i n e d  t o  agree 
w i t h  t h e  TTS w i n d  o b s e r v a t i o n s ,  l i n e a r  t h e o r y  p r e d i c t s  
[ D r a r i n  a n d  R e i d ,  19819 p.  146)  a m o s t  u n s t a b l e  w a v e l e n g t h  
o f  11 k m t  w h i c h  is c l o s e  t o  t h e  maximum s p a c i n g  s e e n  i n  t h e  
r u n  2 w i n d s  ( s e e  B l u e s t e i n  e t  a 1 8 ,  1 9 8 5 9  or H c C a u l t  1 9 8 5 1 0  
T h u s  i t  a p p e a r s  p o s s i b l e  t h a t  H e l m h o l t z  i n s t a b i l i t y  c o u l d  
h a v e  b e e n  r e s p o n s i b l e  f o r  t h e  d e v e l o p m e n t  o f  t h e  v o r t i c a l  
c i r c u l a t i o n s  o b s e r v e d  i n  t h e  r u n  2 1 i d a . r  d a t a .  V o r t i c e s  
r e s e m b l i n g  C a r b o n e ' s  a n d  t h o s e  o b s e r v e d  h e r e  h a v e  a l s o  b e e n  
o b t a i n e d  a l o n g  g u s t  f r o n t  s h e a r  z o n e s  i n  n u m e r i c a l  
s i m u l a t i o n s  o f  c o n v e c t i v e  c l o u d s  (R.  X o t u n n o r  N a t i o n a l  
C e n t e r  f o r  A t m o s p h e r i c  R e s e a r c h  1 N C A R J  9 1985 ,  p e r s o n a l  
c o m m u n i c a t i o n ) .  
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3 0 2 .  Divergence near an isolated cumulus congestus 
The 1 9 8 1  Lidar winds near an isolated cumulus congestus 
revealed that there was a n  overall pattern o f  cloud-scale 
convergence both below cloud base and at about mid-height of 
the cloud. The magnitude o f  cloud-scale convergence 
computed using only the mean wind vectors from each run at 
each level applied at the centroidal positions o f  the vector 
fields from each run uas approximately + x ~ O ' ~  s - * .  de 
sought further ways o f  seeing uhether the lidar rinds 
suffered from any unidirectional or sideways-pointing biases 
during t h e  circumnavigations. O n e  test we applied involved 
computing the divergence of wind components normal t o  axes 
which could be rotated t o  any orientation through the cloud 
center. 
I n - o r d e r  to compute the convergence normal to a n  
arbitrarily oriented axis using t h e  available lidar mean 
winds from each runt i t  w a s  first necessary to establish the 
normal and parallel distances of the centroids o f  wind 
vector fields from the axis. Because the data runs were of 
differing lengths, these centroids were not symmetrically 
disposed about the axis in question. Thus it was not 
possible to obtain simple finite difference estimates o f  the 
axis-normal divergence9 and a more general approach had t o  
be developed. T o  compute the axis-normal divergence9 we 
assumed that the axis-normal and axis-parallel wind 
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c o m p o n e n t s  were l i n e a r  f u n c t i o n s  o f  a l o n g - a x i s  d i s t a n c e .  
T h e r e  were t w o  d a t a  p o i n t s  a v a i l a b l e  on e i t h e r  s i d e  o f  t h e  
a r b i t r a r y  a x i s  f o r  u s e  i n  c o m p u t i n g  t h e  l i n e a r i t y  
c o e f f i c i e n t s  a n d  o f . f s e t s .  T h e  n o r m a l  v e l o c i t y  c o m p o n e n t s  o n  
t h e  " p o s i t i v e n  s i d e  o f  t h e  a r b i t r a r y  a x i s  were t h u s  w r i t t e n :  
w h i l e  t h o s e  on  t h e  A n e g a t i v e n  s i d e  were w r i t t e n :  
v n  = a v n - x l n  + bvn. ( 1 8 )  
T h e  c o e f f i c i e n t s  a v p  a n d  a v n  a n d  o f f s e t s  b v p  a n d  b v n  a r e  
c o m p u t e d  f r o m :  
a v p  = ( v p l p  - v p Z p l / ( x l l p  - x l 2 p l  
b v p  = v p l p  - a v p  x l l p  
a v n  = ( v p l n  - v p Z n ) / ( x l l n  - x l 2 n l  
b v n  = v p l n  - - a v n  x l l n  
w h e r e  v p l p  a n d  vpZp  a r e  t h e  t r a n s v e r s e  v e l o c i t y  c o m p o n e n t s  
a t  t h e  t w o  p o i n t s  on t h e  H p o s i t i v e H  s i d e  o f  t h e  a r b i t r a r y  
a x i s  a n d  v p l n  a n d  vpZn  a r e  t h e  c o r r e s D o n d i n g  q u a n t i t i e s  o n  
t h e  " n e g a t i v e "  side; t h e  X l l p T  x l 2 p t  x l l n  a n d  x 1 2 n  a r e  t h e  
c o r r e s p o n d i n g  l o n g i t u d i n a l  d i s t a n c e s  o f  e a c h  d a t a  r u n  w i n d  
f i e l d  c e n t r o i d  a l o n g  t h e  a x i s .  E n t i r e l y  a n a l o g o u s  
e x p r e s s i o n s  f o r  t h e  d i s t a n c e s  X P  a n d  xn b y  w h i c h  t h e  
c e n t r o i d s  were o f f - a x i s t  a l o n g  w i t h  t h e i r  1 i n e a r . i t y  
c o e f f i c i e n t s  a n d  o f f s e t s  a x p ~  a x n t  S x p  a n d  bxn  rJere a l s o  
written, 
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He then estimat’ed the transverse-axis divergence along 
the longitudinal axis from: 
which reduces to the ratio o f  linear functions: 
The latter quantity could be integrated analytically t o  
obtain an averaged value o f  the transverse divergence along 
the xl-domain defined b y  t h e  data points having coordinates 
farthest t o  the left and to t h e  right o f  the origin (center 
o f  the circumnavigation). The final expression f o r  the mean 
transverse divergence became: 
6 n  = ( l / c * ) ~ ( b c - a d ~ l o ~ ( c ~ x l m a x  + d)/(c-xlmin - d ) )  
+ ac(x1max - xlmin))/[xlmax - xlnin) ( 2 5 )  
where a = avp-avnr b = bvp-bvnt c = axD-axnr d = bxp-bxnr 
and xlmax and xlmin are the maximum and minimum data 
coordinates along the arbitrary axis- The computations o f  
the mean transverse divergence given b y  ( 2 5 )  could then be 
made f o r  a set o f  arbitrarily-oriented axes through the 
centroid o f  each circumnavigation in order to s e e  whether 
the divergences shored any preferential axis o f  orientation- 
Below cloud baset the mean convergence computed from the ‘ 
variation o f  the wind component normal to a line w a s  
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g r e a t e s t  f o r  a l i n e  o r i e n t e d  n o r t h - n o r t h e a s t  t o  
s o u t h - s o u t h w e s t  ( F i g .  6 ,  s o l i d  l i n e ) .  T h i s  l i n e  c o r r e s p o n d s  
c l o s e l y  t o  t h e  a c t u a l  o r i e n t a t i o n  o f  t h e  c l o u d  bclnd. A t  
m i d - h e i g h t  o f  t h e  c l o u d ,  h o w e v e r 9  t h e  c o n v e r g e n c e  i s  n o t  
c o n c e n t r a t e d  a l o n g  a n y  d i r e c t i o n  ( F i g .  69 d a s h e d  l i n e ) .  
T h e  f a c t  t h a t  t h e  s u b c l o u d  c o n v e r g e n c e  shovled  a t e n d e n c y  
t o  o r i e n t  i f s e l f  a l o n g  a n  a x i s  p a r a l l e l  t o  t h e  o b s e r v e d  
c l o u d  is f u r t h e r  e v i d e n c e  t h a t  t h e  l i d a r  w i n d  f i e l d s  a r e  
i n d e e d  b e h a v i n g  l i k e  t h e  t r u e  w i n d  f i e l d .  H o w e v e r ?  f u r t h e r  
i n d e p e n d e n t  v e r i f i c a t i o n  o f  t h e  l i d a r  u i n d s  f r o m  c l o u d  
c i r c u m n a v i g a t i o n s  i s  d e s i r a b l e  b e f o r e  a l l  t h e  d e t a i l s  s e e n  
i n  t h e  1981 c i r c u m n a v i g a t i o n s  a r e  a c c e p t e d  d s  c o r r e c t .  
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FIG. 6 .  E s t i m a t e s  o f  c o n v e r g e n c e  d u e  t o  v a r i a t i o n  o f  t h e  
w i n d  c o m p o n e n t  n o r m a l  t o  l i n e s  o f  a s s u m e d  o r i e n t a t i o n  
( a z i m u t h ) .  S o l i d  l i n e  r e p r e s e n t s  c o n v s r q e n c s  i n f e r r e d  f r o m  . 
s u b - c l o u d  w i n d s  n e a r  c u n u l u s  con jest us^ * h i 1 2  d a s h e d  L i n e  
r e o r e s e n t s  c o r r i s p o n d i n y  r e s u l t s  f r o m  a r o u n d  m i d - h e i q h t  o f  
t h e  c l o u d .  
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Chapter  I V  
SUMMARY 
Continued study o f  the lidar data collected in 1981 has 
resulted in significant new improvements in the analysis 
techniques reported by Bluestein et al. ( 1 9 8 5 )  and NcCaul 
( 1 9 8 5 1 .  S o m e  o f  these improvements are reported in McCaul 
et a l -  ( 1 9 8 6 )  and McCaul et al. ( 1 9 8 7 1 ,  but full details o f  
the procedures and findings are not available in those 
references. 
Through comparison o f  fore- and aft-derived scalar fields 
of intensity and spectral width, the self-consistency o f  the 
lidar moment estimates was assessed. Reflectivity estimates 
were found to be quite stable and reliable, Hhile spectral 
widths were prone t o  become noisy if SNR fell below 12 d 8 .  
In addition, spectral widths contained a significant 
component due to radial velocity gradients in areas along 
gust frontst and these components dere different along the 
fore and aft lines o f  sight. Significant improvement in 
agreement between the fore and aft fields of spectral Hidth 
was obtained b y  estimating t h e  radial velocity gradient 
component and then removing it from the r a w  measured widths 
to yield only the turbulent portion o f  the contribution to 
width. 
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A d d i t i o n a l  a n a l y s e s  s h o w e d  t h a t  l i d a r - d e r i v e d  v o r t i c i t y  
e s t i m a t e s  were c o n s i s t e n t  d i t h  s e v e r a l  a p p r o x i m a t e  m o d e l s  o f  
v o r t i c i t y  g r o w t h  a l o n g  g u s t  f r o n t  z o n e s t  a n d  r i t h  t h e  
h y p a t h e s i s  t h a t  H e l m h o l t z  i n s t a b i l i t y  c o u l d  h a v e  b e e n  
r e s p o n s i b l e  F o r  v o r t i c e s  s e e n  a l o n g  p a r t  o f  t h e  g u s t  f r o n t  
o f  30 J u n e . 1 9 8 1 .  C o m p u t a t i o n s  o f  d i v e r g e n c e  t r a n s v e r s e  t o  
a x e s  t h r o u g h  a n  i s o l a t e d  c u m u l u s  c o n g e s t u s  i n d i c a t e d  t h a t  
t h e  s t r o n g e s t  c o n v e r g e n c e  t e n d e d  t o  l i e  a l o n g  a n  a x i s  
p a r a l l e l  t o  t h e  c o n g e s t u s o  T h i s  a n d  t h e  r e s u l t s  o f  t h e  
o t h e r  a d d i t i o n a l  a n a l y s e s  seem t o  s u g g e s t  t h a t  t h e  l i d a r  
w i n d s  do i n d e e d  a c c u r a t e l y  r e f l e c t  t h e  b a s i c  f e a t u r e s  o f  t h e  
r e a l  w i n d  f i e l d .  F u r t h e r  work is  r e c o m m e n d e d  i n  o r d e r  t o  
d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  t h e  l i d a r - d e r i v e d  w i n d  f i e l d  
d e t a i l s  a r e  a c c u r a t e .  
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